Midcontinent seismicity presents an uncertain level of hazard to people and infrastructure. While the causes behind intraplate earthquakes in the Central Great Plains region of South Dakota, Nebraska, and Kansas are not fully understood, potential factors of seismicity include the interplay of underlying tectonic structures, regional stresses, and oil production. This project analyzes seismic data collected from the Incorporated Research Institutions for Seismology (IRIS) and other historic data including data from the South Dakota, Kansas, and Nebraska Geological Surveys, to identify and quantify earthquake clusters. A point density analysis of 898 earthquake events shows clusters that can be associated with the Colorado Lineament, Nemaha Ridge, and oil production. Magnitude-weighted kernel density analysis of the earthquakes was conducted in an attempt to identify clusters on the basis of total previous energy released, and, in light of the results, reconsider seismic risk. Temporal animation of the events revealed a propagation sequence along a fault in southwestern Nebraska. This project could help geologists understand spatial and temporal distribution of midcontinent seismic activity.
INTRODUCTION
Between October 11, 1895 and January 4, 2016 there have been 898 recorded earthquakes in South Dakota, Nebraska, and Kansas combined. Data for these earthquakes were obtained primarily through previous work done by Ryan Korth (2013) , and updated for this study. This historical catalog also contains seismic data gathered from the Incorporated Research Institutions for Seismology (IRIS) database.
Historical data for earthquakes are necessary to use for future event prediction, but the seismic record for the Central Great Plains is comparatively limited. Complicating matters further is the large recurrence interval for higher magnitude events. The New Madrid Seismic Zone (NMSZ) is a midcontinent region of known seismic risk located along the border of Missouri and Tennessee. Studies of the NMSZ have shown a recurrence interval for large earthquakes ( ~8) of around 500 years while the seismic record for the Central Great Plains region goes back 121 years (Tuttle et al., 2002) . At present observed strain rates for the central United States, it would take over 5,000 years to create an earthquake catalog for the research area that is as complete as southern California's catalog (Ward, 1998) .
General seismic hazard estimation models (of recurrence intervals) rely on statistical averages of earthquake occurrences without consideration of specific patterns such as clustering, cyclicity, or time and size dependent energy release sequences (Anagnos and Kiremidjian, 1988) . The commonly used Poisson model runs under the assumption that earthquakes occur randomly in time, space, and magnitude. This assumption creates a model that predicts earthquake risk without considering the time or location of any preceding events. Seismic hazard models that factor in geophysical considerations, such as regions with infrequent events or specific occurrence patterns, more accurately predict the level of risk (Anagnos and Kiremidjian, 1988) on current information about the rate at which earthquakes occur in different areas and how far strong shaking extends from earthquake sources (Petersen et al., 2008) . A time period of 50 years is used as an average building lifetime with 2% probability considered an acceptable hazard level for building codes (Petersen et al., 2008) . Lack of resolution in the seismic record and limited knowledge of subsurface structures limit the ability to perform a comprehensive risk analysis of the study area.
In an attempt to more thoroughly understand midcontinent seismicity, this project identifies clusters of seismic activity via weighted kernel density analysis. The criteria used to weight the kernel density is the energy released by each seismic event, which is calculated from the reported earthquake magnitude. The moment magnitude scale ( ) for earthquakes is a logarithmic scale where an increase of one step corresponds to a 32 times increase in the energy released, and an increase of two steps corresponds to roughly a 1000 times increase in energy release (Spence, Sipkin, and Choy, 1989) . Magnitudes of earthquakes in the research area range from 0.3 to 5.1. The conversion from a logarithmic scale to a linear scale of energy released is necessary to create a magnitude-weighted kernel density plot. This analysis could help better understand seismic risk in the midcontinent by looking at local density of energy released by the earthquakes in addition to earthquake event density.
GEOLOGIC SETTING
Intraplate earthquakes are earthquakes that occur outside of well-defined continental boundaries (Scholz, Aviles, and Wesnousky, 1986) . There is no widely agreed upon mechanical explanation for intraplate earthquakes (Hinze et al., 1988; Liu and Zoback, 1997; . It is recognized that deformation in the continental interior is accommodated at least partly by the reactivation of existing faults rather than the creation of new faults (Sykes, 1978) . Therefore, pre-existing structural features may serve as locations for concentrated seismicity. Known structural features of the research area are described below.
The Colorado Lineament is a Precambrian wrench fault described as a northeast-trending belt of structural elements stretching from the Grand Canyon region to central Minnesota (Warner, 1975) . This belt passes through South Dakota and northwest Nebraska (Figure 2 ). Formed in the Precambrian, various segments have been reactivated during the Paleozoic and Mesozoic eras, and numerous earthquakes have occurred along the east-northeast oriented lineament (Brill and Nuttli, 1983 ). An associated surface feature is the Toadstool fault in Oligocene White River Group sediments in northwest Nebraska that is aligned with the Colorado Lineament. About 75 percent of all tectonic earthquakes are generated on longitudinal wrench fault systems (Benioff, 1962) . The Colorado Lineament is an anisotropic structural belt that could localize seismicity in South Dakota and northwest Nebraska and should be considered for proper earthquake risk assessment.
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The Midcontinent Geophysical Anomaly (MGA) is the largest positive gravity anomaly in North America with a width of 50 to 100 km, and a length of more than 1000 km (Figure 3 ). It extends from Lake Superior to the Kansas-Oklahoma border (Somanas et al., 1989; Ocola and Meyer, 1973) . The MGA is a result of a failed continental rift which emplaced a large sequence of dense mafic rocks around 1.2 Ga. In eastern Kansas, the rift basin is bound by East dipping faults which are suggested to be the result of block rotation during crustal extension (Serpa et al., 1984) . An offset in the MGA of 50 to 60 km is present in northeast Nebraska and is interpreted as a transform fault associated with the Precambrian rifting (Chase and Gilmer, 1973) . Other associated structures include the Abilene anticline (developed early Mississippian through Permian) and the Elk Creek Nebraska carbonatite (emplaced around 0.5 Ga), both of which are believed to be controlled or at least influenced by faults bounding the MGA and emplaced (Steeples et al., 1990) .
The Nemaha Ridge is a buried range of uplifted Precambrian basement that was last active around the early to middle Pennsylvanian (Moore, 1918) . This anticline extends from southeast Nebraska down through Kansas into Oklahoma (Figure 3 ). Merriam (1963) found the granite crest to be within 200 meters of the surface near Nebraska and plunging along its axis to the south to a depth around 1,200 meters at the KansasOklahoma border. To the east of the ridge both high-angle reverse and normal faults have been noted (Merriam, 1963) . These faults have been grouped into the Humboldt Fault Zone (Berendsen and Blair, 1986) . The Humboldt Fault Zone has been the location of large historical earthquakes and is acknowledged as tectonically active structure (Crone and Wheeler, 2000) .
The Central Kansas Uplift (Figure 4 ) occurred around the same time as the Nemaha Ridge and is the largest positive feature in Kansas at 14,700 square kilometers (Merriam, 1963) . The average section thickness of sedimentary rocks overlying the feature is less than 1,500 meters. The Chadron-Cambridge Arch (Figure 3 ) also arose in the early to middle Pennsylvanian and extends from northwest Nebraska southeast into Kansas where it meets the Central Kansas Uplift in the form of a broad saddle (Merriam, 1963) . The Chadron-Cambridge Arch and the Central Kansas Uplift are underlain by a major structural zone in the Precambrian basement. This structure and its bounding faults extend northwest to the Black Hills and is referred to as the Ancestral Central Kansas Uplift (Merriam, 1963) . 
METHODS
Initial data for this research were obtained from Ryan Korth (2013) . Seismic data for this project were gathered from the Incorporated Research Institutions for Seismology (IRIS) database and used to update Korth's earthquake dataset, bringing the total count of earthquakes from 655 to 898. Historical earthquake data incorporated into the analysis by Korth were taken from the work done by South Dakota, Kansas and Nebraska Geological Surveys Steeples et al. 1990; Chadima 1992; Burchett 1979) . Data were analyzed using Microsoft Excel and ArcGIS. Event data were plotted in ArcGIS using latitude and longitude coordinates on the Geologic Map of North America produced by USGS (Garrity and Soller, 2009) . Seismic data were then analyzed using the point density and both weighted and unweighted kernel density statistical tools as well as temporal animation in ArcGIS.
The kernel density tool was used to identify clusters in ArcGIS, and works as described below.
Kernel Silverman (1986, p. 76, equation 4.5) . For unweighted kernel density analysis, a Population field of NONE was used. This option causes each earthquake event to be counted as a value of 1. For weighted kernel density analysis, a population field of the earthquake's calculated energy release was used ( Figure 5 ). Earthquake magnitudes were converted into energy released using the following equation: = � 2 3 � ( 0 − 16.1), where 0 is the seismic moment in dyne-cm as defined by Kanamori (1977) . The seismic moment is the energy released for each earthquake on a linear scale which is needed to weight the kernel density analyses. Weighting the kernel density is useful because seismic risk is a primary function of local peak ground accelerations, which in turn is related to energy released by the earthquake.
There are multiple scales that can be used to report earthquake magnitudes as described below.
Several Exported earthquake magnitudes from the IRIS database are not labeled, though some events have an IRIS ID that links to an event summary page. On this page the earthquake's magnitude is labeled with the magnitude scale used. , ,
, and scales are all used at least once on different event summary pages. Magnitude values on the event summary page do not always match the values labeled "Mag" exported from the IRIS Earthquake Browser. For this paper it is assumed that earthquake magnitudes exported from the IRIS Earthquake Browser have been converted to the moment magnitude scale ( ) and this is the reason for differences found in the records. The amount of magnitude deviation of these different scales compared to moment magnitude scale is shown in Figure 6 . It would be possible to convert the different known magnitudes using type specific conversions to account for this deviation. However, less than a quarter of events in the earthquake log have an active event page with a few pages not indicating the magnitude scale employed. A neighborhood of 65 km was used for all density analyses, as optimized by the default search radius algorithm in ArcGIS ( Figure  7 ). In this project kernel density should be interpreted in a qualitative manner. Clusters, or high values, represent areas where relatively more aggregate seismic energy is estimated to have been released. To perform a quantitative kernel density analysis, the quadratic equation used to create the contoured surface would have to accurately represent how energy radiates and attenuates through the earth at each event location. The search radius would also have to be variable in that smaller earthquakes release less energy which attenuates more quickly, resulting in a search radius that is smaller. A larger earthquake releases more energy which travels farther and would require a larger search radius. Such a more detailed approach is not possible within the scope of this project.
Temporal analysis of the data was performed in ArcGIS using a window called Time Slider. Time was enabled on the layer using earthquake event dates with the highest possible resolution of a single time frame being one day. In ArcGIS a defined time window displays all events that occurred between the start and end date of the window unless otherwise specified. Earthquake epicenters (classified by magnitude) and major clusters are identified on the unweighted kernel density map (Figure 8 ). The NE1, KS1, and KS3 clusters are located near wastewater injection sites related to nearby oil production. These clusters show up as the three largest clusters due to large number of earthquakes. The largest cluster, KS3, contains 262 earthquakes. Of these events, 259 have occurred between 2/03/2014 -1/01/2016. Prior to 2013 this area contained a single earthquake of magnitude 2.02 which occurred on 12/31/1986. This cluster alone contains just over 29% of events in the entire dataset.
On the map of unweighted kernel density of only IRIS cataloged earthquakes (Figure 9 ) no clusters disappear completely in comparison to an equivalent map for the entire data set. However, the definition of northern clusters SD1 and SD2 is diminished with cluster SD2 almost disappearing. The northeast side SD1 has a linear trend of previous earthquakes striking approximately 120° with a sudden decrease in seismicity to the north east as shown by the red arrow on Figure 9 . All other clusters stay relatively the same compared to the unweighted kernel density of the entire dataset.
Magnitude-Weighted Kernel Density
The weighted kernel density map using energy released from converted earthquake magnitudes is shown in Figure 8b on the next page. This map is significantly different from the unweighted map (Figure 8 ) with cluster strength and size increasing in South Dakota and northern Nebraska, more evenly distributing the strength of defined clusters throughout the study area. The KS2 cluster in southeast Nebraska extending across into southeast Kansas shifts to the north and slightly west (Figure 8b ). The magnitude of the two earthquakes in this area are significantly higher than surrounding events. Distinction of the NE2 cluster is reduced while the SD1 cluster is more pronounced, with the most energy released being in the southeast portion. Cluster SD2 becomes larger and less defined due to several high magnitude earthquakes to the southeast. Overall clusters in South Dakota and northern Nebraska are much more prominent in the weighted kernel density analyses when compared to the previously generated point density map of the area (Figure 10 ). 
Temporal Analysis
Earthquake events were plotted in histograms to better view the rate of seismicity through time (Figures 11, 12) . A dramatic increase in seismicity occurs starting in August 1977. This increase could be attributed to the implementation of seismic network deployed to detect microearthquakes as mentioned by Rothe and Lui (1983) . The largest increase in activity occurred around 2014 with only 8 earthquakes in 2013, 123 in 2014, and 179 in 2015.
Upon animation of the entire data set, a specific sequence of events was noticed at the initial onset of seismicity where cluster NE1 is eventually defined. Prior to 12/1/1977 there were no recorded earthquakes in this area of southwest Nebraska. Over the course of approximately 2 years, earthquakes delineated a ~200 km long north-south trending linear feature (Figure 13 ). Between 12/1/1977 and 6/6/1979, a time period of 18 months 5 days, the entire length of the feature was fully delineated as can be seen in Figure 14 . After this period the only new earthquakes occurred in a focused area (Figure 14b ). This area is centered beneath a high concentration of wastewater injection wells near the Nebraska-Kansas border (Figure 8 ). 
DISCUSSION

Oil Production Induced Seismicity
Of the 7 clusters identified using weighted and unweighted kernel density functions, 3 are in areas of high oil production. In recent years, research has indicated that oil production can cause an increase in seismicity (National Research Council (2013) , Nicholson and Wesson (1990) , Keranen et al. (2013) , Healy et al. (1968) , McGarr et al. (2002) ). Specifically the disposal of wastewater, which is a byproduct of the stimulation and production of oil in shales. Ellsworth explains in his paper as follows. This triggering of earthquakes can occur along preexisting faults at depth and is a potential cause for some of the clusters on the density maps. The three clusters that are present where there is oil production are NE1, KS1, KS3. Sleepy Hollow Oil Field coincides with cluster NE1 on the kernel density maps. Rothe and Lui studied this area specifically for the possibility of induced seismicity in the vicinity of the Sleepy Hollow Oil Field and concluded that the cause of earthquakes in the immediate vicinity of the oil field is most likely the injection of fluids (1983) . The cause of origin for earthquakes outside of the immediate vicinity of the oil field was reported as tectonic in nature (Rothe and Lui, 1983) . Specific nomenclature at the time of publication leaves this statement open for discussion. It is interpreted that Rothe and Lui use the distinction of tectonic in nature to describe earthquakes that released primarily tectonic stresses without clarifying specific cause of nucleation. It is now known that earthquakes which primarily release tectonic stresses can be triggered by human activities (McGarr et al., 2002) . While earthquakes outside of the oil field may have released predominantly tectonic stresses, the change in stress which brought the fault to failure could have been caused by the injection of fluids.
Recent seismic activity across the coterminous United States, for example, concentrates along the plate boundaries of the West Coast and within the intermountain West (Fig. 1). Within such actively deforming zones, elastic strain energy accumulates in the crust, sometimes for centuries, before being released in earthquakes. The potential for earthquakes also exists within continental interiors, despite very low deformation rates (1). This is because shear stress levels within the interior of plates or near plate boundaries are commonly found to be near the strength limit of the crust (2). Under these conditions, small perturbations that effect fault stability can and do trigger earthquakes (3-6
Tectonic structures in this area include the southern end of the Chadron-Cambridge Arch, the Central Kansas Uplift, and the Red Willow Batholith (Figure 15 ). The Chadron-Cambridge Arch and the Central Kansas Uplift are underlain by a major structural zone in the Precambrian basement. This structure and its bounding faults extends northwest to the Black Hills and is referred to as the Ancestral Central Kansas Uplift (Merriam, 1963) . Possible roles these features may have played in the Sleepy Hollow seismicity is capture in the quotes below. (Figure 2) , in striking contrast to the regional linear pattern referred to previously. (Rothe and Lui, 1983) . Figures 3 and 4 and is coincident with one of several basement faults inferred from drilling data. (Rothe and Lui, 1983) .
Stanley and Wayne (1972) have suggested that the presence of knickpoints on the Platte and Republican Rivers where they cross the Cambridge Arch indicate that these rivers are maintaining courses antecedent to a spasmodically rising arch. A regional set of linear northwest-southeast-trending streams astride the Cambridge Arch near the Kansas-Nebraska border (Figure 2) is highly suggestive of post-Pliocene surficial deformation along the Cambridge Arch. In addition, drainage in the immediate vicinity of the Sleepy Hollow Oil Field has a well-developed dendritic pattern
Thus, it is assumed that if any injected fluids are getting into the Precambrian basement, they must be those which are injected into the Sleepy Hollow sandstone. The plane defined by the three most reliably located of these events (4, 5, and 6) strikes N41 °E and dips 86° to the northwest. The intersection of this plane with a horizontal plane 1.2 km deep (the top of the Precambrian) is plotted on
The strike of this fault is almost halfway between the two primary anisotropic directions of 10° and 70° calculated for this area by Korth (2013) . This was determined to be a right-lateral strikeslip fault with a strike direction is generally consistent with the compressive stress field trending NE-SW . Shear stress also increases with depth in brittle crust (Townend and Zoback, 2000) . Due to the error in locating historical earthquakes it is possible for earthquakes to have occurred in the vicinity of the Sleepy Hollow Oil Field prior to its oil development (Rothe and Lui, 1983) . This is a possible line of evidence in favor of tectonic influences on the seismicity. Cluster NE1 is present on all three kernel density plots but is on the edge of the third lowest contour, 4-6 %g in the possible range of 2-14 %g of the research area, on the USGS peak ground acceleration (PGA) hazard map (Figure 1 ).
Temporal animation (single frames represented in Figure 8 ) of this area revealed a linear feature delineated by earthquake events that is an approximately 180 km long north-south oriented feature. The north-south orientation of this feature is interesting in that regional stresses are NE-SW . The Chadron arch is oriented relatively northsouth at depth. Since there is a possibility of fluids injected into the Sleepy Hollow sandstone getting into the Precambrian basement at depth (Rothe and Liu, 1983) , it is possible that these fluids increased the pore pressure in a preexisting critically stressed north-south oriented fault to the point of failure, producing the earthquakes we see in the time frame spanning approximately 18 months (Figure 14) . No earthquakes were recorded in this area prior to 12/01/1977 and very few earthquakes occurred along the delineated feature outside of a relatively small area near the wastewater injection. It is likely the fault released previously accumulated tectonic stress in the first 18 months and has not since reached critical stress levels outside of the Sleepy Hollow vicinity (Figure 14b ). One interesting but unexplained larger pattern is the significantly lower rate of seismicity to the west of the Chadron arch and Central Kansas uplift (Figure 15, 8b) . Cluster KS1 lies directly above the Central Kansas Uplift and also coincides with Tengasco oil operations. Seismicity of this cluster is attributed to the same tectonic influences as found near the Sleepy Hollow Oil Field cluster (Hildebrand et al., 1983) . Hildebrand et al. (1983) states, "It is worth noting that other water-flood operations within oil fields along the Central Kansas Uplift do not cause earthquake activity" without reporting their reasoning or defining water-flood operations. This suggests that both increased pore pressure due to oil operations as well as properly oriented faults in an ambient stress field are required for injection related seismicity, and that one of these is missing in other areas of the Central Kansas uplift. Water-flood operations could be interpreted as enhanced oil recovery, wastewater injection, or both. Enhanced oil recovery injects fluid into rock layers where oil and gas have already been extracted, while wastewater injection often occurs in never-before-touched rocks ( Figure  16 ). This area is ranked on the USGS PGA map at the second highest PGA possible for the research area at 6-8 %g.
The KS3 cluster resides in Harper and Sumner counties of Kansas. For both counties, historically only one earthquake occurred on 12/31/1986 with the next occurring on 9/14/2013. Since 9/14/2013, 261 more earthquakes have occurred. Tectonic features in this area include the Bluff City-Valley CenterElbing Anticline (Figure 17) , and the Nemaha Ridge on the eastern border of Sumner County. This cluster was not analyzed by Ryan Korth due to its absence at the time of his research. Figure 18 shows oil and gas production data from this cluster's county. Between 1995 and 2010 production rates were relatively stable for both oil and gas with an increase starting in 2011 and continuing through 2015. The sudden onset of earthquakes lends to the argument of anthropogenic activities, specifically ones related to oil production, as the cause of increased seismicity (Figure 19 ). This area on the USGS PGA map is at the same risk of 4-6 %g as the other two-thirds of eastern Kansas (Figure 1 ). 
Tectonic Seismicity
Cluster NE2 is anomalous in that there is no named geologic structure associated with it. Hildebrand et al. (1988) mention a pair of normal faults on the USGS/AAPG tectonic map that are coincident with the cluster's trend of northeast-southwest. Korth (2013) conducted an anisotropy analysis on this cluster and also obtained a northeast-southwest trend at 60°. Hildebrand et al. (1988) comments on the almost right angle this trend creates where it intersects the Central Kansas Uplift and notes a concentration of seismicity at this location, which is cluster NE1, near the Sleepy Hollow oil field, on the kernel density maps. Cluster NE2 is blanketed by a PGA of 4-6 %g ( Figure 1 ).
Cluster KS2 is situated near the MGA, Nemaha Ridge, and Humboldt Fault Zone. The Humboldt Fault Zone has been identified as tectonically active (Crone and Wheeler, 2000) and poses a seismic risk as identified by Figure 1 . Some earthquakes of this cluster are associated with faults associated with or bounding the Nemaha Ridge . The small cluster to the west that branches from this cluster on Figure 8 and 8b is thought to be caused by faults bounding the MGA, as it is 100 km west of the Nemaha Ridge . The weighted kernel density map of earthquakes can skew clusters towards higher magnitude earthquakes which can cause a potential risk area to be less obvious. This effect is demonstrated by the shifting of cluster K2 on the Nemaha ridge/Humboldt Fault Zone in Figure  8 , to the north in Figure 8b . Compared to the USGS peak ground acceleration risk assessment map this cluster of small earthquakes poses some of the highest risk for larger earthquakes in 1,000,000 1,500,000 2,000,000 2,500,000 3,000,000 3,500,000 the next 50 years. This area is contoured at the highest PGA seen in the entire research area of 8-10 %g.
Cluster SD2 is interesting in that the only proposed tectonic feature for seismicity is the Colorado Lineament (Brill and Nuttli, 1983) . The preferential direction of anisotropy is at 60°, which is in agreement with the orientation of the Colorado Lineament of an east-northeast trend (Korth, 2013) . This orientation is nearly parallel to the compressive stress field trending NE-SW, which would play a role in the development of earthquakes . Brill and Nuttli suggest only moderate-sized earthquakes will occur in the lineament in the present geological environment (1983) . This cluster has the largest area of the highest level of PGA predicted for the research area of 8-10 %g (Figure 1 ).
Cluster SD1 has two possible tectonic features that may influence seismicity locally. The Colorado Lineament and a regional fracture trend. The northern border of the Colorado Lineament (Figure 2 ) passes through the middle of the cluster and may serve as a focal mechanism for the southern portion of the cluster. A regional ESE fracture trend is present in western South Dakota and northwestern Nebraska (Maher, 2012) . This trend is similar in orientation to the linear seismicity on the eastern side of the cluster as is seen in Figure 9 .
Defined clusters in the research area vary with completeness of the seismic records, and between magnitude weighted and unweighted kernel density analyses. Seismic risk assessment for the midcontinent derives exclusively from historical seismicity (Ellsworth, 2013) . Poor understanding of exact mechanisms for oil induced seismicity creates a difficulty in determining how hazard risk assessment should be incorporated into the prediction model.
CONCLUSIONS
Earthquake clusters NE1, KS1, and KS3 are thought to be associated primarily with oil production related activities. Without knowing details such as the stress state and pore pressure on underlying faults, it is not possible to determine the exact amount of influence on seismicity oil production plays for these specific clusters. The NE2, KS2, SD1, and SD2 clusters are believed to be primarily caused by tectonic influences. Respective tectonic features include the Nemaha Ridge, Humboldt Fault Zone, Midcontinent Geophysical Anomaly, Chadron arch/Central Kansas Uplift, and the Colorado Lineament.
A weighted analysis suggests that seismic energy release has been more evenly distributed, and therefore associated seismic risk may also be more evenly distributed. These weighted analyses provide a different perspective of seismic data that point density alone is unable to achieve. The weighted kernel density analysis may benefit from adjusting the search radius to reflect the distance radiated seismic energy of respective earthquakes. Larger earthquakes radiate their released energy farther than smaller earthquakes. The rate of attenuation in the region could also potentially be modeled in surface that is fit over each point. These two improvements could help more accurately determine seismic risk through released energy.
The IRIS earthquake database potentially contains earthquake magnitudes reported in different magnitude scales, which would cause errors in calculated energy release for numbers not reported in the magnitude moment scale. In order to increase accuracy, analysis of earthquakes using this aggregated catalog should first convert magnitudes of known different scales using their specific formulas. This research was conducted assuming magnitude values exported from IRIS were converted to magnitude moment. Further investigation into this possible discrepancy is recommended.
